Abstract: Pure titanium was efficiently processed up to four passes at 420 • C by rotary-die equal-channel angular pressing (RD-ECAP). The deformation structure and mechanical properties of pure titanium with various RD-ECAP passes were subsequently investigated. Microstructure evolution revealed that plastic deformation was accommodated mainly by twins during the first and second passes, while the predominant deformation mechanism was dislocation slip during the third and fourth passes. {1012} twins were detected in the first pass, and {1011} twins occurred in the second pass of RD-ECAP. The ultimate tensile strength of pure titanium increased from 450 MPa in the as-received state to 627 MPa with a fracture elongation of 29% after four passes of RD-ECAP.
Introduction
The properties of metallic materials are closely related to the grain size. In partiular, the strength of materials increases with the reduction of grain diameter following the Hall-Petch rule, and this has given rise to an increasing interest in producing ultrafine-grained (UFG) materials with grains smaller than~1 µm [1] . It has been reported that UFG materials exhibit superior properties, including high strength and good ductility, superplasticity, enhanced fatigue performance, improved conductivity, and so on [2] . Equal-channel angular pressing (ECAP) has received ever-rising attention and has now become a well-established and promising severe plastic deformation technique of producing UFG materials [3] . However, the conventional ECAP process is a labor-intensive and time-consuming procedure, as the sample needs to be taken out of the die and reinserted between each pass. It takes a long time to obtain a large number of passes and thus makes the conventional ECAP process inefficient for industrial application.
To solve the problem of low efficiency, several alternative procedures have been proposed. Nishida et al. [4] developed rotary-die ECAP (RD-ECAP), a procedure that effectively circumvents the limitation of the removing and re-inserting procedure. The billet can be continuously pressed by rotating the die during passes. Thus, multiple passes of ECAP can be rapidly and easily carried out on the samples without removing them from the die. RD-ECAP processing is categorized into route A in the conventional ECAP process, by which the sample is pressed without rotation between passes [4] . However, it should be noted that the front and rear parts of samples were alternated in RD-ECAP, while the pressing direction was the same in the conventional ECAP process by route A. That results in differences in deformation of billets through these two procedures. It is verified that the deformation raw material was in the form of hot-forged rods with diameters of 120 mm. The average grain size of the as-received samples was~10 µm.
The initial titanium rods were cut into billets for RD-ECAP processing to be 40 mm in length and 19.5 × 19.5 mm 2 in cross-section. Figure 1 illustrates the diagrammatic drawing of RD-ECAP. The die is comprised by two perpendicular channels with equal cross-sections. The effective strain per pass in RD-ECAP is about 1.15. The inner diameter of the channel is 20 mm. The channel angle of the die is 90 • and the curvature angle is zero. The die rests on the die holder, which contains a bottom plate and side plates. Three punches are inserted in the die in advance. They are marked as the bottom vertical punch, the right horizontal punch, and the left horizontal punch. The movement of the bottom vertical punch and right horizontal punch are confined by the bottom plate and the right plate, respectively. The billet is inserted in the die and the upper vertical punch is placed on the billet. Then the billet is pressed by the plunger through the left horizontal channel for the first pass. After that, the die is rotated clockwise by 90 • and the rotation makes the press return to the initial state. Therefore, the subsequent passes can be performed continuously without removing the billet. Before processing, the billets, punches, and die were preheated to 420 • C. The billets were continuously pressed for one to four ECAP passes at the processing speed of 0.1 mm s −1 . The temperature dropped gradually to about 410 • C after each pass. Then, the billet and die were heated to 420 • C for 5 min for the next pass. Molybdenum disulphide and graphite were used as lubricants.
2017, 7, 297
3 of 10 as-received raw material was in the form of hot-forged rods with diameters of 120 mm. The average grain size of the as-received samples was ~10 μm. The initial titanium rods were cut into billets for RD-ECAP processing to be 40 mm in length and 19.5 × 19.5 mm 2 in cross-section. Figure 1 illustrates the diagrammatic drawing of RD-ECAP. The die is comprised by two perpendicular channels with equal cross-sections. The effective strain per pass in RD-ECAP is about 1.15. The inner diameter of the channel is 20 mm. The channel angle of the die is 90° and the curvature angle is zero. The die rests on the die holder, which contains a bottom plate and side plates. Three punches are inserted in the die in advance. They are marked as the bottom vertical punch, the right horizontal punch, and the left horizontal punch. The movement of the bottom vertical punch and right horizontal punch are confined by the bottom plate and the right plate, respectively. The billet is inserted in the die and the upper vertical punch is placed on the billet. Then the billet is pressed by the plunger through the left horizontal channel for the first pass. After that, the die is rotated clockwise by 90° and the rotation makes the press return to the initial state. Therefore, the subsequent passes can be performed continuously without removing the billet. Before processing, the billets, punches, and die were preheated to 420 °C. The billets were continuously pressed for one to four ECAP passes at the processing speed of 0.1 mm s −1 . The temperature dropped gradually to about 410 °C after each pass. Then, the billet and die were heated to 420 °C for 5 min for the next pass. Molybdenum disulphide and graphite were used as lubricants. The surfaces of the billets processed by ECAP were stripped by spark-cutting. All the specimens for microstructure observation and mechanical property testing were cut from the central part of the billets. The microstructure of the Ti samples was observed by transmission electron microcopy (TEM, FEI Tecnai G2 T20, Hillsboro, OR, USA). The samples were machined parallel to the longitudinal axis and mechanically thinned to ~60 μm, and finally twin jet polished with a solution of 6% perchloric acid and 94% ethanol. TEM images and the corresponding patterns of selected area electron diffraction (SAED) were taken by using an FEI Tecnai G2 electron microscope. The operating voltage was 200 KV.
Tensile samples were machined from the central regions of the processed billet parallel to the pressing direction, with a gauge length of 6 mm. The gauge width and thickness were 2 mm and 2 mm, respectively. The displacement rate of the tensile tests was 1 mm min −1 and the temperature was 25 °C. At least three samples for each state were tested and the final tensile curve for each state was the closest one to the average of the tests.
Results

Microstructure Evolution of Pure Titanium during RD-ECAP
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Results
Microstructure Evolution of Pure Titanium during RD-ECAP
The microstructure of the as-received and RD-ECAP processed titanium samples are shown in Figure 2 . The initial grain size of the unprocessed titanium sample was about~10 µm. After one and two passes of RD-ECAP, the grains were still coarse, and high density of twins could be seen in the interior of grains, as shown in Figure 2b . There were no distinct dislocation cells or sub-grain boundaries observed, suggesting that the strain imposed after two passes was not sufficient to provide a significant grain refinement. After three passes, dislocation cells were detected and some sub-grains began to form, as shown in Figure 2c . More dislocation tangled in the grains rather than twins. The grain size was about 800 nm after three passes of ECAP. The rings in the diffraction patterns were not continual, indicating a small quantity of high-angle grain boundaries. After four passes, the grains were further refined and the grain size was only~500 nm. The rings in the diffraction patterns were more intensive than that in Figure 2c , indicating the formation of more sub-grains. A fairly high density of dislocations could be observed in the grains, but twinning was hardly detected.
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Discussion
Microstructure Characteristics and Deformation Behavior
The microstructure evolution of pure titanium during RD-ECAP for four passes showed that the plastic deformation was comprised of twinning and dislocation slip. As investigated above, the deformation during the first two passes was accommodated mainly by twinning. This is due to the limited slip systems of titanium as a hexagonal close-packed (hcp) metal. When the number of passes increased, the frequency of twinning decreased, and accordingly the dislocation density was increased. As a consequence, it is possible that twinning played an important role in the deformation during RD-ECAP processing by activating slip systems through converting orientations. Dislocation slip was the main deformation mechanism during the third and fourth passes.
Regarding the twinning mode of titanium during the first pass of ECAP processing, Kim et al. [18] demonstrated that the first pass of ECAP above 250 • C was dominated by {1011} twinning and there was not any other twinning mode observed. Chen et al. [20] detected {1011} twinning as the main twinning mode in the first pass of ECAP at 450 • C, with a small amount of {1012} twinning. Meredith and Khan [26] also found that {1011} twinning was the main contributor to deformation in pure titanium processed by ECAP for one pass at 275 • C. Zhao et al. [21] observed {1011} twinning in the first pass of ECAP performed at room temperature. In contrast, only {1012} twinning in titanium samples by the first pass of ECAP at room temperature was reported by Zhang et al. [22] . The above results demonstrate that the activation of twinning modes after one pass of ECAP related strongly to many internal and external conditions, for example, grain size of the initial material, pressing temperature, pressing speed, and so on, as listed in Table 1 .
In the present study, we only detected the formation of {1012} twins rather than {1011} twins in pure titanium processed by one pass of RD-ECAP at 420 • C. This may be on account of the relatively small grain size of initial material in the present study. Kim et al. [27] found that the deformation mode in pure titanium during ECAP was strongly dependent on the initial grain size. Moreover, another possible influencing factor may be the relatively low pressing speed employed in this work, which is connected with the strain rate. Kim et al. [27] found in the same research that a higher pressing speed during ECAP promoted the formation of {1011} twinning. After two passes of RD-ECAP, a great quantity of {1011} twins were detected, as shown in Figure 4 , and the density of dislocations in these twin bands was not very high. Moreover, the microstructure depicted in Figure 2b revealed that the density of dislocation was not high enough to constitute dislocation cells and sub-grain boundaries for grain refinement. It seems that only a small part of slip systems was motivated, and the predominant deformation mechanism was still twinning during the second pass of RD-ECAP. Hence, the critical resolved shear stress (CRSS) for twinning at the second pass was still lower than that for dislocation slip. However, this is not in accordance with the earlier results reported by Shin et al. [30] , that plastic deformation was predominantly accommodated by dislocation slip during the second pass of ECAP. This difference may be due to the microstructure discrepancy after the first pass, for instance, the refinement of grain size, the formation of texture, and the twinning mode. Shin et al. [30] pointed out that the deformation modes during the second pass strongly hinged on the processing route. The deformation manner in the RD-ECAP is different from the routes A, B, or C of conventional ECAP. The alternated front and rear parts of samples in RD-ECAP make the deformation quite distinct from route A, in which the pressing direction of each pass is the same. Thus, the microstructure characterization during the second pass of RD-ECAP may be related to the special deformation path.
After three passes of RD-ECAP, the density of dislocations increased and there was a significant refinement of grains. Meanwhile, only a small fraction of {1011} twins were detected. It is evident that the main plastic deformation was dislocation slip during the third pass of RD-ECAP processing. This means that the CRSS for twinning exceeded that for dislocation slip during the third RD-ECAP pass. As the decrease of grain size, the CRSS for both twinning and slip increased, however, it is probable that the increase rate of the twinning stress was larger than of the dislocation slip.
During the fourth pass of RD-ECAP, the dislocation density was further increased and the primary deformation mechanism was dislocation slip in place of twinning. Grains of titanium were further refined by the generation of sub-grains.
Overall, the sequence of the main deformation structure in pure titanium subjected to RD-ECAP at 420 • C in the present study can be described as: {1012} twinning in the first pass, {1011} twinning in the second pass, and dislocation slip in the third and fourth passes.
Mechanical Properties
As illustrated in Figure 2b , there was not a remarkable refinement of grain size after two passes, so the strengthening after one and two passes was mainly attributed to twinning and dislocation generation. After three and four passes, the grains were refined and the strengthening primarily resulted from finer grain size and high-density dislocation. It is advantageous to notice that the ultimate tensile strength of~627 MPa after RD-ECAP for four passes at 420 • C is an improvement over the reported~540 MPa processed for seven passes by ECAP at 450 • C-500 • C [31] . Moreover, it is comparable with the ultimate tensile strength of~645 MPa achieved after 10 passes of ECAP at 400 • C-450 • C [24] . Therefore, it is confirmed from the present results that RD-ECAP processing has the potential of processing high strength UFG pure titanium conveniently and efficiently.
Conclusions
(1) Pure titanium of grade 2 was successfully processed by RD-ECAP up to four passes at 420 • C.
There was no cracking on the sample surface. (2) During the first and second passes of RD-ECAP, plastic deformation was accommodated mainly by twins, while the predominant deformation mechanism was dislocation slip during the third and fourth passes. {1012} twins were detected in the first pass, and {1011} twins occurred in the second pass of RD-ECAP. (3) There was an increase of~39% in ultimate tensile strength after processing by RD-ECAP for four passes. The ultimate tensile strength increased from 450 MPa of the as-received condition to 627 MPa after four passes of RD-ECAP, while the elongation decreased from~48% to~29%.
